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ABSTRACT
Micro Air Vehicles (MAVs) are generally defined as having an airframe with a span less
than 6 inches and a mass less than 100 grams. The design of airframes is currently
hindered by the lack of thorough understanding of the flow physics of very small aircrafts
flying at low speeds. The study investigates the use of Fluent, a licensed CFD code at
RTT, for MAV airframe design. This study is carried out in 4 steps. First, 4 different
airfoils are selected and tested in CFD. The next step included the simulation of 3-D flat
plates and wing models. An external model
'Bidule'
is obtained from the University of
Sydney and geometry exported to simulate results. The final step is the creation of a
physical MAV model and testing in the wind tunnel. This model is tested at 4 different
Reynolds Numbers and results were compared with those obtained from the simulation.
Lift and Drag coefficients were compared for all the simulations with experimental
results. It was observed that for the MAV airframe lift and drag both compared well for
the mid range angle of attack from -2 to 15 . Lift deviation between the MAV
airframe simulated and tested were with 10%, and the deviation for drag was within 15 %
for the MAV airframe. These deviations were different in the case of airfoils and flat
plates tested in Fluent. It is thus concluded from this study that the CFD analysis in
Fluent can be used to get a close approximation value for the lift and drag coefficients in
the mid range angle of attack.
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a0 Lift curve slope of the airfoil
b span
C Speed of sound
C Chord length
c, 2d-Coefficient of Lift.
CL 3d-Coefficient of Lift.
cd 2d- Coefficient ofDrag.
CD 3d-Coefficient ofDrag.
Cm Coefficient ofMoment.
Cp Coefficient of pressure.
D Drag
d diameter of the body (reference)







a Lift curve slope
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a Angle of attack








1.1 Motivation and Background
Micro Air Vehicles (MAVs) are generally defined as airplanes of 6 to 8 inches in total
dimension having a chord Reynolds Number range between 50,000 to 150,000. (Mueller,
2001). This is several orders of magnitude smaller than traditional larger airplanes. The
comparison of the chord Reynolds number of MAV to that of the other flow regimes are
shown in Figure 1.1. The smaller sizes and dimensions of MAVs as compared to
conventional aircraft instigates a need to better understand the physics involved, and is an
ongoing topic of research. This research, has grasped the attention of leading schools as
well as the aviation industries, which is to investigate this low Reynolds number flight
and problems that it poses. This recent interest in the development ofMAVs has lead to
the need for current researchers to follow numerous experimental, numerical and trial and
error techniques to thoroughly understand low speed aerodynamics. In response to this
need, this thesis deals with the computational analysis of airfoils, wings, flat plates and
airframes to study and present the results. The analysis of the data includes the
comparison of lift and drag coefficients with experimental and published data.
MAVs have practical military and civil applications such as carrying visual, acoustic,
chemical or biological sensors. For terrestrial purposes they could be used for weather
monitoring, each measuring a different parameter like temperature, pressure, humidity,
precipitation etc. (Konstantinos 2001). The future aim of reduction in the vehicle size is
to a size of 3.5 inches in order to cover the wide umbrella of applications for which they
could be used. MAVs could be even reduced to micro and nano sizes and also be used in
media other than air. (Mueller, 2001)
Further applications ofMAVs include their use in surveillance, whereby information over
the hills, fields and inaccessible areas can be obtained. The same use could be extended
for defense purposes where they could be used as spy planes in enemy territory. They
could be used to carry small explosives and a
'swarm'
ofMAVs could be guided to their
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Figurel.l: Reynolds Number regimes and different vehicle range (Wilson, 2000)
individuals, have competed. The competition challenges its participants to design, build
and fly the smallest aircraft that can fly and photograph a 1.5-meter size symbol on the
ground located at 600 meters (2000 feet) from the launch site and hidden from view by a
square-enclosing fence 3.5 meters wide and 1.5 meters high. The other aspect of the
competition is to have the smallest size and a MAV that can achieve a flight time of 30
minutes. The size of the vehicle is defined as the largest linear dimension between any
two points located on the aircraft while it is airborne. The competition score is calculated
by dividing the airplane flight time by the longest dimension of the airplane cubed. A
major reason for this study is to assist in the design on an effective MAV airframe for the
RIT team participating in this competition, (www.mae.ufl . edu/mav/mav/mav .htm)
1.2 Literature Review
A thorough investigation of previous literature revealed that very little Computational
Fluid Dynamics (CFD) work has been carried out on Micro Air Vehicles. This being an
evolving field, researchers have relied more on experimental and trial and error
techniques to design an airframe.
The overall research for the design of the MAV airframe led to the basic classification as
shown in Table 1 . 1
Micro Air Vehicles
FlappingWing Flight (Biological) FixedWing Flight
Flight of Birds Flight of Insects FlexibleWing FixedWing
Table 1.1 Classification ofMAV design
The literature research carried out showed that there were two basic paths taken by
researchers. One was the imitation of the biological flight, which lead to the flapping
wing design like that
of the birds and insect flight. The other is the fixed wing flight
design, which has been taken by many experimentalists as a first step in the study of this
flow regime while its relatively simpler aerodynamics. The current study falls under the
FixedWing Flight. However a brief mention of research carried out in both directions of
MAV designs is mentioned in this section.
In the flapping wing flight design researchers have studied the option of moving and
flapping wings as an effort to learn from nature and imitate insects and birds. They
represent a very close model for MAVs due to their size and low power to weight ratio.
The reason for the limited application of the bird model to MAVs could be attributed to
the difficulty in replicating the deformable weathered wing. One such research study was
carried out by J.M.V Rayner in which he discussed the flapping MAV with birdlike
morphology and addressed three points: mechanism of generating thrust, mechanism of
reducing drag and design of the wing tip. Rayner suggested that with certain issues still
remaining in stability and control it is possible to emulate the flight of the bird to enhance
MAV performance. (Rayner, 2001)
In the fixed wing, a flexible wing research has been carried out at the University of
Florida. (Jenkins, 2001) After testing four different airfoils in the wind tunnel capable of
producing oscillating flow to simulate gusty environments, the research concluded that
thin airfoils with 6 to 10% camber produced the most favorable performance. The
research also concluded that flexible design allowed for much smoother characteristics at
higher angles of attack, indicating that these wings minimize hysteresis effects caused by
'separation bubbles', which is discussed later, on the wing surface that tend to occur in
low Reynolds number flows. Flexible membrane wing design has thus been the focus of
the University of Florida MAV program.
The fixed wing flight has been the concentration of the current study. An initial attempt
in the experimental field was done by C.H. Zimmerman in 1932, he focused on
aerodynamic forces on low aspect ratio wings. This study was limited to different
planform shapes. He conducted wind tunnel tests at Reynolds number of 860,000 and
Aspect Ratio (AR) of 0.5 to 3.0. Aspect Ratio is defined as the ratio of the square of the
chord to the reference area. His wing models used the Clark Y airfoil with thickness to
chord ratio of 12%. He used four planforms namely, rectangular, faired rectangular, semi
circular and elliptical. His results showed that wings of AR less than 1.25 depicted
abnormally high coefficients of lift (higher than those obtainable even with infinite
wings) and correspondingly high angles of attack that were not explainable by him. He
also related the sensitivity of Low Aspect Ratio (LAR) wing aerodynamic characteristics
to the shape of the wing tip, concluding that semicircular wing tip models exhibited
superior performance compared to the other three shapes. (Zimmerman, 1932)
More recently, a step further with the Zimmerman study, Torres.G.E under his guide
Thomas J. Mueller, conducted similar experiments for wings of aspect ratio 0.5 and 2.0
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Figure 1.2 Construction of Zimmerman profile (Torres, 2002)
This study used four different wing planforms: rectangular, elliptic, Zimmerman and
inverse Zimmerman. The Zimmerman, as shown in Figure 1.2, was chosen for its distinct
geometric characteristics. The advantage of this shape is the lower interference of the tip
vortices on the top of the planform due to its semicircular shape. The Zimmerman and
inverse Zimmerman planforms are based on wingtip shapes designed by Zimmerman in
the 1930s. It consists of two half ellipses joined either at the quarter chord location (in
case of Zimmerman planform) or at the three quarter chord location (in case of the
inverse Zimmerman planform). Figure 1.2 shows the two ellipses joined at the quarter
chord location. One ellipse has semi-major axis a3 and semi minor axis a, while the other
has semi-major axis a2 and semi-minor axis a3. He concluded that wing planforms were
found to have significant aerodynamic effects on the lift and drag coefficients and results
for the lift coefficients showed large non-linearities for aspect ratios below 1.25. The
Reynolds Number had a small effect on the performance of LAR wings for the range of
Re of 100,000 to 200,000. His results showed that the lift curve becomes increasingly
non-linear as the aspect ratio decreases. An important aspect of his study is in stating that
lift generated has two sources: linear and non-linear. The linear lift is created by
circulation around the airfoil and which typically is thought of as lift in high AR wings.
The non-linear lift is created by the formation of low pressure cells on the top surface of
the wings by the tip votices, such as that observed in delta wings at high angles of attack.
This non linear lift increases the lift-curve slope as a increases and it is considered to be
responsible for the high stall angles of a. His results also showed that wings of inverse
Zimmerman planforms were found to be more efficient with respect to higher lift and less
drag at aspect ratios of 1.25 and were found to be more stable than other planforms for
aspect ratios below 1.25 and high angles of attack. Using this as an example, an MAV
body was created and tested in a wind tunnel. A major part of the current study is based
on the study of Torres in trying to verify the experimental results and observations noted
by him using the CFD analysis.
Besides planform shape, the other important feature for the flying wing is the airfoil
shape. The design of airfoils between 50,000 to 500,000 is influenced by the formation of
laminar separation bubbles and critical Reynolds number. These have been mentioned in
the work by Richard Eppler. The other problems of potential flow design, analysis
methods and boundary layer computation have been given less importance in his work
and are mainly based on the analysis of the separation bubble. The theory and physics of
the separation bubble has been explained in the next chapter. (Eppler, 1985)
One of the first studies to mention and state the observations of laminar separation
bubbles was Tani. He concluded that in order for laminar separation to occur, and in turn
bubble formation to take place, the Reynolds number based on boundary layer
displacement thickness at separation needs to be greater than a certain critical value. He
carried out experimental analysis on NACA 63-018, 63-012 and 64 A006 airfoil sections
which also depicted the 3 different types of stall: 1) trailing edge stall 2) leading edge
stall and 3) thin airfoil stall. Another condition stated for the formation of the laminar
separation bubble is that the pressure recovery coefficient (pressure recovered in the
reattachment process in terms of the dynamic pressure at separation) can only be less than
a certain critical value. However he concludes that the critical values for these criteria are
not necessarily universal and further research is needed in order to give a complete
explanation to this problem observed in low speed airfoils. (Tani, 1964)
A significant contribution in the design of airfoils at low Reynolds and the formation of a
database is done by Selig. Four of the airfoils chosen for the initial analysis of this thesis
have been taken from the research done by Selig at the University of Illinois at Urbana
Champaign. Selig concluded a convex recovery is favored over a concave recovery of the
airfoil, thus preventing the pre-stall hysteresis and its associated lift and drag penalties.
This was an important consideration while selecting the airfoils for the current study. He
further points out that large velocity differentials near the trailing edge that result in steep
pressure gradients should be avoided, and the transition point should be designed to move
forward toward the leading edge with increasing angle of attack in order to minimize the
areas of laminar and turbulent separation that are detrimental to the performance of an
airfoil. The Eppler computer program was used for his analysis and design of airfoils.
(Selig, 1985)
Among the other airfoil designs is the inverse design of the airfoil which uses the method
of first laying out the desired pressure distribution on the top and bottom surfaces of the
airfoil based on certain constraints and then designing the airfoil shape by trial and error
method or through an iterative process to get the desired pressure distribution. Recently
Bowman has used desirable profiles and tried to combine two different airfoil shapes to
create a new one which has the desired trailing edge. This was necessary in order to have
an airfoil with a maximum lift coefficient but at the same time have low moment
coefficients. This airfoil can then be used for a flying wing for MAVs. Even though this
technique has not been adopted for the current study, the method used in Bowmans
analysis cannot be neglected due to its importance in future design of airfoil for theMAV
airframe. (Bowman, 2003)
CFD study for the MAV airframe study has been minimal in this area of study. A CFD
study that comes close to the work in this thesis is that done by Ramamurti and Sandberg
at the Naval Research Laboratory (NRL). A finite element solver based on unstructured
grids was employed and inviscid and viscous flow simulations were performed for two
different MAVs developed at NRL. The model had 6 inch span and aspect ratio of 1.25
with NACA 0006 as the main airfoil section and NACA 0015 as endplates section. An
actuator disk model was used to simulate the effect of a propellor. Contradictory to the
successful propellor MAV models built in the recent past, based on their results they
concluded that the propellor on the micro air vehicle airframe was not a very efficient






Figure 1.3 Model ofBidule (Wong, 2001)
Significant experimental and research work was carried out by Wong who built the MAV
prototype named 'Bidule'. The dimensions of the Bidule were slightly bigger than
conventional MAV size defined and measured 16.1 X 9.25 inches. Two models were
tested by him, the propelled and the non-propelled version of the Bidule. The airfoil
section used was a NACA 4418 section. Longitudinal and lateral control are achieved
utilizing a pair of elevons, and twin rudders allow directional control. An important result
reached by him, contradictory to that made by Ramamurti, is that of the 'Prop-Wash
Effect', this effect is that of the slipstream and thrust which benefits the lift as well as the
lift curve slope. He concludes to the effect that the propellor in fact benefits the lift and it
10
increases the magnitude of lift as well as the lift curve slope. This thesis also intends to
investigate the results and compare with those experimentally obtained on the Bidule.
(Wong, 2001)
1.3 Scope of the PresentWork
Computational Fluid Dynamics (CFD) analysis has its main goal of assisting the design
engineer in reducing the time required to finalize a design and thus helping the engineer
to be more productive and efficient. It reduces time for setting up of experiments,
modifications and trial and error. The major aim of this thesis is to validate whether the
Fluent CFD code provides accurate results for flow at small sizes and low Reynolds
numbers and to answer the question
"
Can Fluent be used to assist in MAV design
?"
The scope of the present study is to validate if the analysis required for the Micro Air
Vehicle (MAV) can be successfully carried out by using a CFD code licensed at R.I.T,
namely Fluent such that future design modifications can be made and tested in the
software instead of tedious wind tunnel tests. Due to the complexities involved in
manufacturing and modeling of flexible and flying wings the scope of the current
research has been limited to fixed wing MAV design. The work intends to verify the
results and observe the performance for 2d airfoils, flat plates, wings at low Reynolds
numbers and compare their lift and drag coefficients.
11





analyzed in Fluent to check how closely the result of the two compare. Finally a Micro
Air Vehicle body is to be created and tested both using CFD and in the wind tunnel at
RIT to validate and compare the results obtained.
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2.0 AERODYNAMICS AND CFD
2.1 Aerodynamics
2.1.1 Definitions
The different flows in aerodynamics can be broadly classified as shown in the following
block diagram. The * symbol shows the route taken in this study.
Aerodynamics *
Continuum flow Low density and free molecular flows












Figure 2.1 Classification of the aerodynamic flows.
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This thesis, from the above flow chart, lies within the incompressible and low Reynolds
number regime. To begin with the discussion of the aerodynamics it is apt to introduce
the definitions and equations, which are common to aerodynamics and those, which are
particular to the flow in this regime.
Reynolds Number
Reynolds number is defined as the ratio of the viscous forces to the inertial forces and is a






The classification of different flows based on Reynolds number for all fluids is given by
the following relationship.
0<Re<l : highly viscous laminar "creeping
motion"
l<Re<100 : laminar, strong Reynolds-number dependence
100<Re<10 : laminar, boundary layer theory useful
3 4
10 <Re<10 : transition to turbulence
4 6
10 <Re<10 : turbulent, moderate Reynolds number dependence
10 <Re< oo : turbulent, slight Reynolds number dependence.
(White, 1999)
4 6










The lift of the air vehicle should be at least equal to weight in order for the flight to take
place.
Coefficient of drag




The force needed to overcome by the propulsion system on the aircraft for it to move
forward is known as the drag force.
Coefficient ofMoment
The coefficient of moment is defined as the ratio of the moment over the dynamic




Based on the direction of the moment, the moment can be classified as Pitching moment,
Rolling moment or Yawing moment. These are important for the stability of the aircraft
15
Mach Number
The Mach number is defined as the ratio of the velocity of the flow to the velocity of the
sound. This is used as a criterion to classify the flow as subsonic (M<1), sonic (M=l) or
supersonic (M>1). This can also be used to identify whether the flow is incompressible
(M<0.3) or compressible (M>0.3). For the current analysis the flow domain is low Mach
number and thus an incompressible flow.
M = V/C (2.5)
This is important as input to given to the CFD code i.e Fluent for the speed ( Reynolds
Number) is in the form ofMach Number .
Coefficient of Pressure
The coefficient of pressure is defined as the difference between the actual pressure and
the free stream pressure over the dynamic pressure . Where the dynamic pressure is







The advantage of expressing the results as coefficients is in making the result
non-
dimensional. This helps in making a common platform for comparing results of different
aerodynamic bodies.
16
2.1.2 Theory of airfoils
Airfoil Nomenclature
Every important part of the airfoil is designated a separate name and is as discussed
below. These are also depicted pictorially in Figure 2.2
Leading and Trailing Edges
The most forward and rearward points of the mean camber line are the leading and
trailing edges, respectively.
Chord line
The straight line connecting the leading and trailing edges is the chord line of the airfoil.
The precise distance from the leading to the trailing edge measured along the chord line
is known as the chord c of the airfoil.
Mean Camber line
The mean camber line is the locus of points halfway between the upper and lower
surfaces as measured perpendicular to the mean camber line itself.
Symmetric Airfoil




The center of pressure is defined as the point on the body about which the aerodynamic
moment ( that which is caused by the aerodynamic forces -lift and drag) is zero.
Aerodynamic Center
Moments of an airfoil are generally a function of the angle of attack, however there is one
point on the airfoil about which the moment is independent of angle of attack, such a
point is defined as the aerodynamic center.
Angle ofAttack
The angle of attack is defined as the angle between the free stream velocity and the chord
line.
Zero Lift angle of attack







Figure 2.2 Airfoil Nomenclatures.
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Figure 2.3 Schematic of Lift Coefficient variation with angle of attack for an airfoil.
(Anderson
, 1991)
Theory of Thin Airfoils
In the case of thin airfoils the camber line is close to the chord line and it can thus be
assumed that the downwash velocity produced normal by the vortex sheet on the camber
line can be placed on the chord line. This assumption can only be made for thin airfoils.
A thin airfoil is one in which the camber line co-incides with the chord line. (Anderson,
1999)
Thus under this assumption the equation for C_. reduces down to
CL=2;ra (2.8)
The equation 2.8 is applicable to incompressible in viscid flow.
19
Symmetric Thin Airfoil Theory
In addition to the intersection of the camber line and the chord line this theory also
concludes that the center of pressure and the aerodynamic center both lie at the quarter
chord point.
Cambered Thin Airfoil Theory
The theory is used in this analysis as a analytical verification to the results obtained by
Fluent. The cambered airfoil theory gives the equation that
l=o= f(Cos6o-\)dG (2.9)
n dx
where z is the equation of the camber line of the airfoil and thus gives one of the
CL=2n(a-aL=0) (2.10)
The calculation for each airfoil based on the above formula is shown in detail section
4.1.5.
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2.1.3 Theory ofWings (Finite)
PrandtFs Lifting Line Theory
The study and complete understanding of finite wing aerodynamics was done by Prandtl
in early 1900's. The lifting line theory proposed forms the most important part of aircraft
design untill date.
Prandtl'
s solution consisted of replacing the wing by a series of horse
shoe vortices of infinitesimally small circulation strength (dr) whose bound portions fall
on a line known as the lifting line. A combination of bound vortex line and a trailing
vortex sheet thus replaces the entire wing. The circulation strength of this vortex structure
is assumed to be r=T(y). Using the Biot- Savarts law this circulation is then used to find
the downwash velocity.
The lift slope of the airfoil section for high aspect ratio using
Prandtl'
s lifting line theory
a
is given by a = . (2.11)
i+V1
YneAR
This formula is obtained using ideal flow theory, is applicable to incompressible flows
and can be used in viscous analysis to give a close estimate of the lift curve slope.
2.1.4 Biot-Savarts Law
dv=AL^f {2.12)
The above equation states the Biot Savarts law and is the fundamental relation in the
theory of inviscid, incompressible flow where Y is vortex strength, dl is a small segment





Figure 2.4 Biot-Savarts law
Vortices
The vortices formed over finite wings affect both the lift as well as drag in the flow. Lift
is due to the difference in pressure, e.g. low pressure on the top and a higher pressure at
the bottom surface of the wing. Unlike a 2d airfoil in a 3d wing this causes some air flow
to
"leak"
from the bottom surface at the edges thus resulting in the formation of the side
vortices. As the wing moves forward these side vortices result in the formation of the





Figure 2.5 Side Vortices.
Downwash and Induced Drag
The tendency of the flow to form vortices has another important effect and that is
downwash velocity. The two trailing edge vortices have an effect of dragging the
surrounding air with them and this movement causes a velocity component in the
downward direction of the wing which is known as the downwash velocity. Consequently
there is a component of the lift in the direction of free stream resulting in drag. This drag
is essentially induced due to the pressure imbalance and is termed as Induced drag.
Low Aspect RatioWings (LAR)
The equation derived for coefficient of lift, for the high aspect ratio wings, yields poorer
results as the aspect ratio is reduced, the reason for this fact is attributed to the lifting line
theory and is clear from the figures 2.5 and 2.6. In the high aspect ratio wing, the lifting
line can be intuitively seen as a correct representation for the whole wing, however the
same analogy is not
applicable in the case of low aspect ratio wings as shown in figure
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2.5 and thus the low aspect ratio wing needs to be represented by a large number of span
wise vortices each located at different chord wise locations as shown in figure 2.5 b.
which is the essence of the lifting surface theory.









Thus the coefficient of lift is calculate using the equation
CL = a ( a - a l_0 ) (2.14)





Figure 2.6 High aspect ratio wing.
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Lifting Line
Figure 2.7 Low aspect ratio wings.
a) Lifting Line Theory b) Lifting Surface theory.
Low Reynolds Number flows
Low Reynolds number affects the flow in several ways, one of the important aspect is
drag. Drag is composed of two parts, the skin friction drag and the drag due to flow
separation or pressure drag. The skin friction drag is inversely proportional to the
Reynolds number hence lower Reynolds number results in higher values of skin friction
drag. The lift stays relatively unaffected by the flow speed and hence a lift to drag ratio
for a wing at low Reynolds number is lower than that of the same configuration at higher
Reynolds number. One of the most important phenomenon's occurring at low Reynolds

















Layer Region Boundary Layer
Figure 2.8 Laminar separation bubble.(Torres,2002)
One of the important phenomenon that exists at low Reynolds number range is the
separation bubble. A separation bubble occurs when laminar flow near the leading edge
of a wing separates from the wing surface and often reattaches to the surface some
distance downstream as a turbulent boundary layer. This region underneath the separated
flow, between the points of separation and reattachment, are set into circulatory motion
and is commonly referred to as a laminar separation bubble. The bubble is known for its
occurrence on the upper surface of airfoils at incidence and plays an important part in
determining the behavior of the boundary layer on the surface and consequently stalling
characteristics of the airfoil. The three types of stall as classified by Tani, 1964 are:
1. Trailing edge stall, caused by movement of the separation point of the turbulent
boundary layer forward from the trailing edge with increase in angle of attack.
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2. Leading edge stall caused by an abrupt separation of the laminar boundary layer
near the leading edge without reattachment.
3. Thin airfoil stall preceded by a laminar separation near the leading edge with
turbulent reattachment at a point which progressively moves rearward with
increasing angle of attack.
The laminar separation bubble occurs only for a certain range of Reynolds numbers,
which will depend on the pressure distribution, the surface curvature, the surface
roughness as well as the turbulence of the free stream. Separation bubbles can
significantly affect the lift and drag characteristics of the wings at low Reynolds numbers.
It may cause an effective increase in camber and result in increase coefficients of lift or it
may induce and early separation in high Reynolds number flows resulting in an increase
in drag. It can thus be concluded that for MAV airframe design, consideration of the
separation bubble is essential. This is in contrast to traditional higher Reynolds number
wing design where the effect of the separation bubble are not significant or do not occur.
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2.2 Computational Fluid Dynamics
CFD is a computational technology that helps in the study of dynamics of things that
flow. Using CFD, a computational model that represents a system or device required for
study, can be built. Fluid flow physics is then applied to this virtual prototype and the
CFD code (in this case the software) outputs a prediction of the fluid dynamics based on
the conservation laws and
2nd
law of Thermodynamics.
2.2.1 Benefits of CFD
There are three primary benefits of using CFD.
Insight
There are many devices and systems that are very difficult to prototype. Often, CFD
analysis shows parts of the system or phenomena happening within the system that would
not otherwise be visible through any other means. CFD gives a means of visualizing and
enhanced understanding of designs.
2. Foresight
Because CFD is a tool for predicting what will happen under a given set of
circumstances, it can answer many 'what
if?'
questions relatively quickly. Given the
software variables, it gives outcomes. In a short time, it is able to predict how the design
will perform, and test many variations until an optimal result is achieved. All of this is
done before physical prototyping and testing. The foresight gained from CFD helps to
design better and faster.
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3. Efficiency
Better and faster design or analysis leads to shorter design cycles. Time and money are
saved. Products get to market faster. Equipment improvements are built and installed
with minimal downtime. CFD is a tool for compressing the design and development
cycle.
2.2.2 Fluid Laws
The three basic fluid laws have to be satisfied simultaneously while solving the problems
on fluid mechanics.
Continuity Equation











dt dx dy dz
This is the general form of the continuity equation and is applicable to both steady
unsteady, compressible, incompressible , laminar and turbulent flows.
Momentum Equation
The momentum or the Navier Stokes equation is given by
p = pg-Vp + pV2V 2.16
Dt
D d 3 ? d -.
,
d f
where = + w * +v j +
w k
Dt dt dx dy dz

































Of the different models available from FluidMechanics, Fluent uses the control volume
approach which basically consists of a control volume fixed in space with fluid passing
through it or may be assumed to be moving with the fluid. The finite difference
equations are formulated and solved within Fluent. The next section briefly describes the
solution process and formulation of the two available techniques available for solving
the equations.
2.2.3 Solving the Finite Difference Equations






The Explicit Method is a line solver in which the known values of the nth time step are
used to obtain the value at the n+1 level. This method thus takes less computational








The Implicit method is a matrix solver and requires solving simultaneous equations to
obtain the value of the n+1 level. This method thus takes more computational











Preprocessing is the first step in building and analyzing a flow model. It includes
building the model (or importing from a CAD package), applying a mesh, and entering
the data. The meshing tool used for pre-processing in this case was Gambit. After
preprocessing, the CFD solver does the calculations and produces the results. Of the
various solvers used the most acceptable and frequently used in Industries is Fluent
which is also used in this study.
Post processing is the final step in CFD analysis, and involves organization and
interpretation of the data and images. All Fluent software includes full post processing
capabilities. Third-party postprocessors can also be used. The incorporation of these CFD
tools into the Gambit and Fluent software for solving the aerodynamic problem proposed,
is discussed in the next chapter.
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3.0 GAMBIT AND FTITENT
This Chapter discusses at length the intricacies involved while simulating a problem in
CFD using Fluent. The first section deals with the use of the preprocessor Gambit and the
second section briefs on the use of the processor Fluent.
3.1 GAMBIT- The Preprocessor
Gambit is the meshing tool that is used to generate the mesh model to be fed into Fluent.
Gambit has all the basic functions which could be found in any CAD package. However
the modem tools such as blending and curving are not found in Gambit. A primary reason
for this is attributed to the fact that the CFD code requires a well defined vertex/node for
solving all the three basic fluid equations at each of the nodes.





Model Creation is an important aspect of the CFD design and analysis. A geometry well
created would assist in proper/good quality mesh (quality of the mesh is discussed later in
the section). This consequently helps in the fast convergence and accurate solution when
solved in Fluent.
Model creation can be done in Gambit as well can be imported from exterior CAD
packages. Gambit can import the file types of the form IGES, STEP, DATA,
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PARASOLED and TEXT. These file forms and the successful importation of the












Figure 3.1 Sample grid showing components.
Vertex / Edge / Face / Volume
A vertex can be defined as any point created or imported into Gambit. An edge is a curve
defined by at least 2 vertices. A face is a surface not necessarily planar bounded by at
least 1 edge and a volume is a geometric solid an enclosed set of bounding faces. The
model can be created top down as well as bottom up. A bottom up geometry creation
means the creation of the geometry from the vertex to the edge to face and then finally
the volume. A top down geometry creation means the creation of the geometry from the
volume, which in turn results in the
creation of the faces, resulting in edges and edges
based on vertices. Both these techniques of geometry creation are used in this study and
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are discussed in the next chapter. A sample grid showing all the different components are
shown in Figure 3.1
Virtual and Real Geometry
Gambit allows the creation of both real as well as virtual geometry. The creation and
modifications capabilities are discussed here. These are further useful and need to be kept
in mind while creating the geometry and is further discussed while creating the MAV
airframe in the next chapter.
Table 3.1 Real geometry operations.
Category Tasks
Creation Creation of real vertices at specified points in space
Formation of real edges, vertices and volumes from existing
real, lower-topology entities.
Creation of real primitive volume forms, such as cylinders
and prisms
Modification Splitting of edges, faces and volumes
Boolean - operations, unite , subtract and intersect for faces and
volumes
Blending of volume edges and vertices
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Table 3.2 Virtual geometry operations
Category Tasks
Creation Creation of virtual vertices at locations confined to existing
real edges or faces
Formation of virtual edges, faces, and volumes the shapes of
which are defined by existing entities
Modification Repositioning of virtual vertices hosted by an edge or face
Splitting of real or virtual edges, faces, and volumes
Merging of two real or virtual entities into a single virtual
entity
Collapsing of a real or virtual face between two neighboring
faces
3.1.2 Mesh Generation
Mesh generation is one of the most important steps in the entire process of CFD analysis.
The entire calculation in Fluent is based on the mesh and hence it is of immense
importance that the mesh generated is accurate. A coarse mesh at certain places where
there is a large gradient in flow properties could result in an incorrect solution and a fine
mesh in places of steady flow would result in longer calculation time with no additional
benefit to the problem. Hence meshing is given due attention and is an intricate process
with options of different mesh styles, mesh elements as well as quality of mesh as
discussed in the following paragraphs.
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Structured and Unstructured Mesh
Structured meshes are quadrilaterals or hexahedral meshes. In structured mesh all nodes
are associated with a triplet of integers identifying the cell location. These are the best for
faster solution convergence and yield more accurate simulation results. The down side of
these meshes is that they are time consuming as they have to be manually generated by
meshing each edge followed by the face, and then the volume.
Unstructured meshes are triangular meshes. They are generated by Gambit. When
instructed to do so, Gambit fills the entire meshing region with triangular meshes. The
disadvantage of this is that the mesh size generated by unstructured grid elements is
larger (since roughly 2 elements can be fitted in the place a single quadrilateral element).
The triangular mesh also at time may not be able to give accurate results comparable to
the quadrilateral mesh due to the fact that all the triangular meshes are not similar in size
and some may be larger than others thus not capturing the flow change accurately.
Mesh Elements
The Figure 3.1 shows the different mesh elements that are available in Gambit. The
triangular and the quadrilateral are the basic two elements available in the 2d mesh
creation whereas the Hexahedron, Tetrahedron, Prism and Pyramid are the 3d mesh
options available with Gambit. For the current analysis most of the below mentioned








Figure 3.2 Mesh Elements
Choice ofMesh
There are two aspects for consideration for the choice of mesh. The first is to make good
selection of mesh based on geometry and flow conditions and the other is the restriction




This is the term referred while meshing an edge, in which there are more number of
edges on one side than on the other and thus resulting in more number of mesh elements
towards that side. This feature is required while meshing boundary layers where tightly
packed meshes are required in order to capture the changes in the boundary layer.
Two types of edge grading available are
1. Symmetric grading scheme
2. Non symmetric grading scheme
Symmetric grading scheme produces meshes symmetric about the center. It implicitly
generates double sided grading e.g. Bi-exponential, Bell shaped. The Rl and R2
(where R is the grading ratio as shown in the figure 3.3) have to be the same.
Non-symmetric grading scheme produces non-symmetric meshes. It uses a constant R to
describe the ratio of two adjacent mesh elements. The direction of the arrow determines







Figure 3.3 Mesh grading
Formodels for this study both the mesh-grading schemes were used. The non symmetric
grading scheme is used
for the 2d airfoil study and the symmetric grading scheme is used
for the 3d models.
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FaceMeshing
Face meshing is carried out on similar lines as that of edge meshing. However face
meshing does not have the option of grading. This can be done either by directly meshing
the face i.e. single block (a block can be defined as a bounded region to mesh) or by
using multi block structure i.e. dividing the face into smaller regions and meshing
directly (unstructured mesh).
VolumeMesh
Volume Meshing could either be done as top down or bottom up while meshing a model.
The statement implies that if the entire model is meshed with volume meshing as the first
step then the model will obey the same mesh spacing on all the edges as well as faces.
This is known as the top down meshing. This method is not advisable on complicated
geometries as well as models with small edges as it would result in crashing the
program. The other option ofmeshing the volume last gives the freedom of meshing each
edge and face as required by the geometry to capture exact flow details. This is known as
bottom down meshing.
Mesh Spacing
The mesh can be spaced using either of the following techniques.
1. Interval Count: This is recommended for edge meshing only. A value of 5 creates
5 interval or 6 nodes on the edge.
2. Percentage of length: This is also recommended for edge meshing only. An edge
length of 10 and a value of 20 will create 5 interval.
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3. Interval size: This is the default and is used to specify the average size of the
mesh when grading is used.
Quality ofMesh
The quality of mesh is an important consideration that should be taken into account
before the files are exported to Fluent. An important factor in checking the quality of the
mesh is the skewness. Highly skewed elements induce an error in the calculation and
result in non-accurate the solution. It may also result in a divergent solution in some of
the cases. There are many different quality criteria, one of them is equi-angle skewness.
A Qeas which is defined as
Qpit- = maxi'EAS













The following represents the general sequence of operations in Gambit:
1. Initial set up : This consists of primarily selecting the solver and the default
values.
2. Geometry creation : It consists of either importing the geometry or creating thr
geometry and decomposing it into meshable sections.
3. Meshing : This step consists of meshing the geometry depending on the criterion
it meets.
4. Zone Assignments : It consists of applying the boundary conditions.
5. Mesh Export : Export the mesh into the working directory.
The mesh export as well as the different Gambit files are discussed in Appendix E.
3.2 Fluent- The CFD Code
Fluent, a commercial code for CFD and Fluent 6.0 is the current version of the software
that is used for the present analysis,it is a state-of-the-art computer program for modelling
fluid flow and heat transfer in complex geometries. Its unique capabilities are
unstructured meshes which help to reduce the time spent on generating meshes, simplify
the geometry model and mesh generation process, model more complex geometries that
user can handle with conventional, multiblock structured meshes. Fluent is capable of
handling triangular and quadrilateral elements (or combination of two) in 2d and
tetrahedral, hexahedral, pyramid, wedge elements (or a combination of these) in 3d. The
flexibility allows the user to pick mesh topologies that are best suited for the application.
Fluent can be used to adopt all types of meshes in order to resolve large gradients in the
flow field, provided an initial mesh is generated in a pre-processor like Gambit, T-Grid
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or any other CAD system for which import filters exists. Fluent also allows coarsening or
refining of the grid based on the flow solution.





5. Solution and Postprocessing
3.2.1 Solver Settings




It solves the continuity , momentum , energy and species equation (if enabled)
sequentially . It is generally
used for incompressible and mildly compressible flows. This




It solves the continuity, momentum
,energy
and species equation simultaneously. This is
designed for high speed compressible flows. The flow chart for this solver is shown in
figure E.2 of Appendix E.
This further can be classified as :
Implicit :
This is used when highly coupled flows with strong body forces (e.g buoyancy or
rotational forces ) are to be solved with fine meshes. It requires more memory but
leads to faster convergence than segregated solver :
Explicit :
This is generally used when less memory is present in the machine. It takes longer
time to converge as compared to implicit solver.
In addition to the above solver settings,there is also a choice in picking the discretization
scheme as well as the Pressure Velocity coupling methods.
Discretization Schemes
There are approximately 9 different discretization schemes that are available in Fluent
and that can be used for discretizing the problem. The three that have been used for this




3. Second Order Upwind Scheme
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Pressure Velocity Coupling
The three different types of Pressure Velocity Coupling available in Fluent are PISO,
SIMPLE and SIMPLEC ( Simple Consistent ) . SIMPLE is the default but using
SIMPLEC would sometimes be used since it gives higher under - relaxation factors
( discussed in section 3.2.5 ). PISO correction is used mostly in case of transient flows
with larger time steps and when used , results in higher computational expense. SIMPLE
pressure velocity coupling is used throughout this study.
3.2.2 ViscousModels





This is effectively a low Reynolds number model, requiring the viscous affected region of
boundary layer to be properly resolved. It comprises of one equation to solve the modeled
transport equation for kinematic eddy ( tubulent ) viscosity. This is unstable and
relatively new to be considered
for all types of complex engineering flows. It is best used




It stands for turbulent kinetic energy (k) and turbulent dissipation rate (E) Standard K-E
model is the simplest two equation turbulence model in which solution of two separate
transport equations allows the turbulent velocity and length scales to be independently
determined. It is robust and reasonably accurate for a wide turbulent flows.
3.2.3 Operating Conditions
The two factors for the operating conditions are the gravity and the pressure conditions .
The gravity is either set on or off depending upon the problem. However setting the
operating pressure is the most important criteria and is used for the pressure calculation
over the entire grid.
Setting Operating Pressure
The criteria for choosing a suitable operating pressure are based on the Mach-number
regime of the flow and the relationship that is used to determine density. For example, if
the ideal gas law is used in an incompressible flow calculation (e.g., for a natural
convection problem), a value representative of the mean flow pressure is to be used.
To place this discussion in perspective, Table 3.5_shows the recommended approach for
setting operating
pressures. The default operating pressure is 101325 Pa.
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Table 3.4 Recommended Settings for Operating Pressure
Density Relationship Mach Number Regime Operating Pressure
Ideal Gas Law M<0.1 0 orMean flow pressure




Constant Incompressible Not used
Incompressible Ideal Gas
law
Incompressible Mean flow pressure
Operating pressure is significant for incompressible ideal gas flows because it directly




Therefore operating pressure must be set appropriately.
Operating pressure is significant for low-Mach-number compressible flows because of its
role in avoiding roundoff error problems. Operating pressure is less significant for
higher-Mach-number compressible flows. The pressure changes in such flows are much
larger than those in low-Mach-number compressible flows, so there is no real problem
with roundoff error and there is therefore no real need to use gauge pressure. In fact, it is
common convention to use absolute pressures in such calculations. Since Fluent always




The particular boundary conditions specific to this problem are mentioned below in
detail and are used for a majority of the problems simulated in Fluent. Of the many
available boundary conditions the following were considered for the different models in
the analysis.
Velocity inlet boundary conditions are used to define the velocity and scalar properties of
the flow at inlet boundaries.
Pressure inlet boundary conditions are used to define the total pressure and other scalar
quantities at flow inlets.
Mass flow inlet boundary conditions are used in compressible flows to prescribe a mass
flow rate at an inlet. It is not necessary to use mass flow inlets in incompressible flows
because when density is constant, velocity inlet boundary conditions will fix the mass
flow.
Pressure outlet boundary conditions are used to define the static pressure at flow outlets
(and also other scalar variables, in case of backflow). The use of a pressure outlet
boundary condition instead of an outflow condition often results in a better rate of
convergence when backflow occurs during iteration.
Pressure far-field boundary conditions are used to model a free-stream compressible flow
at infinity, with free-stream Mach number and static conditions specified. This boundary
type is available only for compressible flows.
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Outflow boundary conditions are used to model flow exits where the details of the flow
velocity and pressure are not known prior to solution of the flow problem. They are
appropriate where the exit flow is close to a fully developed condition, as the outflow
boundary condition assumes a zero normal gradient for all flow variables except pressure.
They are not appropriate for compressible flow calculations.
Low Mach Number Flows
In low-Mach-number compressible flow, the overall pressure drop is small compared to
the absolute static pressure, and can be significantly affected by numerical roundoff. To
understand why this is true, consider a compressible flow with Ml. The pressure
1
changes, Vp are related to the dynamic head, ypM
'
,
where p is the static pressure and
y is the ratio of specific heats. This gives the simple relationship M2, so that
P
= 0asM>0 . Therefore, unless adequate precaution is taken, low-Mach-number
P
flow calculations are very susceptible to roundoff error.
Fluent avoids the problem of roundoff error by subtracting the operating pressure
(generally a large pressure roughly equal to the average absolute pressure in the flow)
from the absolute pressure, and using the result (termed the gauge pressure). The
relationship between
the operating pressure, gauge pressure, and absolute pressure is






All pressures specified and all pressures computed or reported by Fluent are gauge
pressures. If the density is assumed constant or if it is derived from a profile function of
temperature, the operating pressure is not used at all. Note that the default operating
pressure is 101325 Pa. To set the static pressure at the pressure outlet boundary, enter the
appropriate value for Gauge Pressure in the Pressure Outlet panel. This value will be used
for subsonic flow only. Should the flow become locally supersonic, the pressure will be
extrapolated from the upstream condition.
Calculation ofMach and Reynolds Number for Boundary Conditions.
Fluent requires that the boundary conditions be specified in terms of Mach number. For
the MAV airframe bodies tested the Reynolds number at which the tests are carried out
are always specified. Hence the velocity of the free stream flow is calculated by using
equation 2.1. Here the parameter d is replaced by the chord length and the other
parameters are the same and as mentioned in the nomenclature. This velocity is then used
in the equation.
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3.2.5 Solution and Post processing
The file after specification of all the operating and boundary conditions is saved as the
case file. This case file is then put to solve by iterating the solution. Iterating the solution
is the process by which Fluent solves the 4 equations as mentioned in section 2.2.3 untill
results are obtained with acceptable limits. This is known as the converged solution of the
problem and the file is saved as the data file. Thus together the case file (problem
definition) and the data file (problem solution) form the crux of the solution in Fluent.
Solution Initialization
Solution Initialization is the process by means of which an initial
'guess'
is provided for
the flow field solution. Two ways of initializing the solution are
1. Initialize the entire flow field
2. Patch values or functions for selected flow variables in selected cell zones
Solution Convergence and Stability
There are no universal metrics for judging convergence. Residual, is simply defined as
the difference in solution resulting from solving the equations from one iteration to the
next. Residual definitions that are useful for one problem are sometimes misleading for
the other classes of problems. Therefore it is a good idea to judge convergence not only
51
by examining residual levels, but also by monitoring relevant integrated quantities such
as drag or heat transfer coefficient. The default convergence criterion which is sufficient
formost problems in Fluent are 10 ~3.
This criterion may not be appropriate at all times. Typically two cases are when:
1. A very good initial guess of the flow field, results in a very small initial continuity
leading to a large scaled residual for the continuity equation. In such cases it is useful
to examine the unsealed residual and compare it with appropriate scale such as the
mass flow at the inlet
2. In another case if there is a poor initial guess of the flow field, the residuals would
start low increase and then decrease. Thus it is best to ensure that the residual
continues to decrease ( or remains low ) for several iterations before concluding that
the solution has converged
A solution is defined as stable if the error in the system is bound and hence a stable
system will not result in diverging solution and the residuals or error values remain
bounded.
Under Relaxation Factors
Under relaxation factors can be set for each equation in the field next to its name. If
segregated solver is used all equations have an associated under relaxation factor. If
coupled solver is used, only those equations that are solved sequentially would be having
an under-relaxation factor. A good practice using under-relaxation factors is to start with
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then the under-relaxation factors should be reduced. An increase in under relaxation
factor may result in the increase in residuals but these disappear as the solution
progresses.
Solution Monitors
The most important monitor in case of all problems is that of Residuals. This plots the
values of all the residuals for the equations being solved for after each iteration. It
provides an important tool to determine the trend in the residuals. The monitors that are
important for this analysis were that the coefficients of lift and drag.
CourantNumber
The Courant number is the main control over the time stepping scheming scheme. It is
directly proportional to the time stepping scheme. When a courant number is used, Fluent
computes an appropriate time step and in general taking larger time steps leads to faster
convergence. If the solution is diverging the courant number should be reduced and once


































2D or 3D hybrid mesh
Figure 3.4 above shows the flow chart for a typical solution procedure of a problem.
To summarise
,
the procedure involved in the solution can be broken down to the
following steps-
1 . Create the model geometry and grid.
2. Start the appropriate solver for 2D or 3D modeling.
3. Import the grid.
4. Check the grid.
5. Select the solver formulation.
6. Choose the basic equations to be solved: laminar or turbulent (or inviscid), chemical
species or reaction, heat transfer models, etc. Identify additional models needed: fans,
heat exchangers, porous media, etc.
7. Specify material properties.
8. Specify the boundary conditions.
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9. Adjust the solution control parameters.
10. Initialize the flow field.
11. Calculate a solution.
12. Examine the results.
13. Save the results
14. If necessary, refine the grid or consider revisions to the numerical or physical model.
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4.0 CFD ANALYSTS
The previous chapter explained the intricacies of the CFD software, Fluent, explaining
the preprocessing, computation and post processing steps. This chapter presents steps
towards the model set up of the geometry, the different models tested as well as the
results obtained and their comparison to experimental as well as published data.




4. University of Sydney- Bidule model
5. MAV airframe study
4.1 Airfoil Study
4.1.1 Selection ofAirfoil
A search was performed for an airfoil with stability at low speeds as well as having high
values of Q/Cd ratio. Another consideration was a low thickness ratio. A low thickness
ratio is desirable because an airfoil with a sharp nose produces leading edge vortices,
which will counteract any low speed stalling and will contribute to a greater maximum
lift. Using these as major criteria the UTUC airfoil database was used to obtain the Q, Cd
for different angles of attack to obtain and observe the results.






Figure 4.1 below shows the profile of the airfoil S5010. The profiles of the other three
airfoils S4083, S7005 and SD7003 are shown in figuresA.l, A.2 and A.3 in Appendix A.
Figure 4.1 Profile of the S5010.
The airfoils selected above were better choices after researching through the entire
database. These airfoils had a larger lift over drag ratio as compared to the other airfoils
in the database. Also as recommended by Selig these airfoils had a reflex thus resulting
in lower moment coefficients and were recommended choices for a flying wing design.
57
4.1.2 Airfoils in Gamhit
This section briefly explains as how the airfoils were preprocessed in Gambit. The airfoil
co-ordinates were obtained from the UTUC database. These airfoil co-ordinates were
exported into gambit. Edges were created from the exported vertices, which in turn were
converted to faces. Identifying a desirable shape for the pressure far field was the first
objective required in meshing the airfoils. Different combinations and shapes in the
pressure far field, as shown in the figure A.4, A.5, A.6 in the appendix were used as an
initial trial to obtain meshes with the least skewness possible. These figures show the
quad mesh that were used, however they resulted in high skewness and the upper value of
their mesh quality, i.e Qeas exceeded 0.6, which is low when compared to the quality of
mesh that can be obtained for a 2d quad mesh.
The conic cross section showed less skewness as compared with the other models and
hence a bridge between the conic and the rectangular section was finalized. The front
nose of the airfoil was enclosed in a parabola and the trailing edge was enclosed in a
rectangular box.
4.1.3 Meshing the Airfoils
Three different types of meshes were used in order to study grid independence of the
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In order to further obtain the mesh of high quality, i.e. with minimum skewness each of
the edges of the parabola as well as the rectangular surface were further divided into
smaller faces in order to have quad elements with perpendicular edges.
The Figure 4.2 depicts the mesh that has been generated over the S5010 airfoil for the
structured mesh. The other meshes, i.e. the unstructured mesh and the combination of
meshes, have been shown in the Figures A.7 and A.8 in Appendix A.
Figure 4.2 Structured mesh over airfoil S5010.
The mesh generated is through the bottom up procedure. The
perpendicular edges are
meshed with a successive ratio of 1.1 with an interval count of 100 (i.e.
each edge has 100
nodes but are graded more towards the airfoil surface). This grading
of the mesh is an
important aspect in external aerodynamics and needs to be
carried out to capture the
boundary layer effects near
the surface of the airfoil. While specifying the boundary
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conditions the entire outer surrounding edge is specified as pressure far field while the
upper and lower surface of the airfoil is specified as upper and lower wall respectively.
This is done in order to assist post processing in fluent and can be used to view and
observe different parameters of flow on each surface separately.
Table 4.1 below summarizes the mesh details with regards to mesh size, quality and type
of mesh for the S5010 airfoil.






From the data in Table 4.1 it is observed that for the same area of pressure far field
boundary the unstructured mesh are greater in number due to their triangular shape. A
second noticeable observation is due their variable size and shape, the quality ofmesh for
such kinds of grids is also higher than those observed in structured or combination
meshes. The mesh size and quality for the other meshes are shown in Table A.l in
Appendix A.
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4.1.4 Airfoils In Fluent
The mesh files were exported from Gambit and the model was set up in Fluent. The model
set up for the Fluent is as specified below. Calculation of the Mach and Reynolds
Numbers is done as discussed in section 2.2.3

















Pressure far field: Specified
Mach Number: 0.004363







Flow: First order upwind
Modified Turbulent
Viscosity: First order upwind
Monitors: Cj, Cd, Residuals
Residual Convergence
Criterion: 0.001
The S5010 as well as the other airfoils were tested at different angles of attack
corresponding to the UIUC database as mentioned in Table A.2 of Appendix A. The
solution converged after about 2000 iterations. The plot showing the values of the
coefficients of pressure on the upper and lower surface of the airfoil are shown in figure
A. 13 in Appendix A.
The results obtained for all 4 airfoils and for all the different angles of attack were plotted
together on a plot and results are compared with:
1 . Experimental Data obtained from the UIUC database.
These results are listed on the UIUC website as mentioned in the Reference section.
2. Analytical Values as calculated from the thin airfoil theory.
Analytical results are calculated using the thin airfoil theory for cambered airfoil
and is discussed in detail in the next section.
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4.1.5 Analytical Results For Cambered Thin Airfoil Theory
The analytical calculation was carried out using the cambered thin airfoil theory as
mentioned in Anderson.
Equation 2.9 is used to find the angle of attack for zero lift and then Equation 2.10_is
used to find the coefficient of lift for varying angles of attack. The detailed work
regarding the calculation of the camber line equation and solution for the integral is
discussed here for the S5010 airfoil. The other 3 airfoils along with their camber line
equations and calculations for the coefficients of lift are discussed in Appendix C.
The camber line equation is obtained from the graph as shown in the Figure 4.3.
Number of points were first obtained by bisecting the points of the airfoil on the
leading and the trailing edge. A trend line was then fitted along these points and
equation of the trend line was used as the camber line equation for the airfoil.
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Differentiating the above equation with respect to , where c is the unity chord, the
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The substitution of x = (1 -cos#) simplifies the equation and can be readily integrated










Thus a graph of Ci versus the angle of attack can be plotted using the equation 2.10 as
shown in Figure 4.4
4.1.6 Results and Discussions ofAnalysis ofAirfoils
The plots of dynamic pressure, velocity vectors and contours of dynamic pressure are in
included in Appendix A for two angles of attack.
1. -4.89 degrees.
2. 10.45 degrees.
It is seen from the Figure A. 11 that the velocity at the surface is zero, depicting the
formation of the boundary layer, the application of the viscous model to the airfoils i.e
the no slip boundary condition. The Figure A.9 also shows the velocity vectors at
negative angles attack and hence stagnation is shown by the vectors on the upper surface
of the leading edge. Another important check of the velocity vectors in Figure A.9 shows
the velocity vectors hitting the airfoil at a negative angle of attack thus verifying that the
direction of flow is as specified by the angle of attack. The Figures A. 10 and A. 12 are
that of the dynamic pressure on the airfoil and they depict the flow separation by the start
of the strand on the surface of the airfoil. It is seen that at higher angles of attack the































Figure 4.4 Plot of C, Vs Alpha for S5010
Figure 4.4 shows the plot of the coefficient of lift vs. angle of attack for the S5010
airfoils and the plot show very good co-relation between the three different meshes as
well as the experimental data obtained from the UIUC website. The plot shows that the
results obtained from the three meshes varied from a minimum of 0.06% to a maximum
of 6.6%. This indicates a grid independent solution for the model. The solution difference
as compared to the experimental data varied from 1 to 4%. Figure 4.5 shows the data
obtained for the coefficient of drag for the S5010. The plot shows that even though all the
three meshed models show results close to each other, the drag predicted by the CFD
model is slightly higher than
that obtained by the experimental values at UIUC. The
percentage variation in the drag coefficient varies from 6% at mid-range a from 0 to 6
degrees to a maximum of 45% at higher angles of attack. Figure 4.6 shows the plot of
L/D for the S5010. Due to the higher drag predicted by the CFD model the L/D for the
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UIUC data appears to be higher than the L/D predicted by the CFD model for angles of
attack above four degrees. The three other airfoils also show a similar pattern for the
results in their coefficients of lift and drag. Their results are plotted in figures B.l through
B.9 in appendix B.
o
a ( degrees)





















Figure 4.6 L/D vs. a for S5010.
4.1.7 Conclusions from the 2D Airfoil Study in CFD
1 . The coefficients of lift closely match those of the experimental values for all the 4
airfoils.
2. All the 3 different meshes discussed give values of Q and Cd within 6% variation.
Thus the solution could be said to be grid independent.
3. From the Ci/C_ V/s Alpha plots it can be seen that Structured and Combination of
meshes give results close to that of the experimental.
4. The Coefficient of drag simulated by CFD has values higher than the experimental
and does not follow the curve closely. This trend is also observed later in the analysis
of the wings andMAV airframe where the drag predicted is higher.
5. The plot of Ci/Cd V/s Alpha shows that the Q/C_ matches very closely for lower
angles of attack. After about 4 degrees the graph of the experimental and CFD results
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shifts and the experimental values of Ci/C_ are much higher than those predicted by
CFD. This is due to the fact that the drag predicted by the CFD simulation is higher
than that obtained for the experimental results.
6. One of the important observations that was not noticed was formation of a separation
bubble near the leading edge of the airfoil. A number of streamlines were released
near the surface of the airfoil but these showed separation only near the separation
point towards the trailing edge of the airfoil. A major investigation of this study was
to observe the prediction of laminar separation bubbles and if Fluent can predict the
formation of laminar separation bubbles within its code. This was not observed and
could be said to be the drawback in the Fluent code for the analysis of flow at such
low Reynolds numbers. Formation of the separation bubble depends on pressure
distribution, surface curvature, surface roughness and turbulence. All these factors put
together result in the formation of separation bubble. These factors have to be
accounted for appears to be lacking in the Fluent code.
7. Hysteresis was also not observed due to no separation bubble formation.
8. For this study as mentioned in the scope,
the coefficient of moment analysis was not
carried out. A major reason for the CFD study was to verify the data obtained from
the wind tunnel tests. Also none of the airfoils and models tested had a coefficient of
moment data. An initial attempt for the coefficient ofmoment, was carried out for the
airfoil which was later aborted due to non-intuitive results obtained in Fluent.
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4.2 Flat plate Study
Flat plate study was conducted on two plates
1 . The Rectangular flat plate
3. The Inverse Zimmerman flat plate
The chord for these were kept 8 inches and thickness was
5/32"
as mentioned in the study
by Torres. This was kept at these values so that the results obtained could then be directly
compared with that from the study of Torres. A grid created around it and the contours,
gradients and their comparisons with experimental values are mentioned in this section.
The flat plate study was actually a step back in the CFD analysis when the wing study in
CFD did not match well with the experimental data. A test matrix was then set-up to test
the different models for their mesh sizes as well as different viscous models along with
modifications in the under-relaxation factors.
The test matrix is as shown in the Table 4.2 below and also depicts the path taken on
choosing particular models over
others. Note that the test matrix follows a downward
path.
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CFD4 S5010Wing S-A Mesh2
CFD5 S5010Wing S-A Meshl
CFD6 S5010Wing K-E Meshl Viscosity
CFD7 S5010Wing S-A Meshl Constant




CFD9 Bidule S-A Meshl Constant Piso + Second
Order Upwind
CFD10 Bidule S-A Meshl Constant First order
upwind +
Power law.
The CFD models 1, 2 and 3 are discussed in this section. The CFD models 4, 5, 6, 7 and
8 are discussed in section 4.3 and CFD models 9 and 10 are discussed in section 4.4. The
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test matrix changes one parameter in each model and the result is compared with
experimentally obtained values to deduce the applicability of that particular model.
Following this section is the Wing Study in which the wings are compared to the
experimental work carried out here at the R.I.T wind tunnel.
4.2.1 Flat Plate in Gambit
The Flat plate was constructed using bottom up model creation in Gambit. A number of
meshing options were experimented, namely, single enclosure, double enclosure. A
single enclosure in this case a cube was created, with side of 40 inches (approximately 5
times chord) surrounding the entire flat plate model. The flat plate was fine meshed with
a spacing of 0.01 and the outer enclosure meshed with 1 spacing. This resulted in 153,000
cells for the entire model. On examining the mesh, the boundary mesh was not very tight
and hence this gave way to the double enclosure mesh for the plate. In this case two
cubes - one of 16 inch side and the other with 56 inch side were created. The inner cube
was tight meshed with spacing of 0.25 and the outer one was meshed with spacing of 1 to
result in a total of 273, 411 cells. This resulted in tighter mesh near the boundary of the
flat plate. The mesh used was Tetrahedral (T-Grid). The quality of the mesh was around
0.8 for the model.
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4.2.2 Flat Plates in Fluent
The primary difference in solving the 3-d models was that the solver was changed from
coupled implicit to segregated explicit. The reason for this change was memory
utilization as well as time taken for the analysis due to the large number of cells.
While carrying out Flat Plate study numerous problems were faced:
a. Divergence of solution
b. Incorrect values forQ and Cd
c. Unstable far field pressure values
d. Negative values for Entropy
e. Non converging solutions
Before moving to the three dimensionality of the problem these problems faced by the
model needed to be verified in order for the model to yield accurate results.
Divergent Solution
The initial attempt to solve the problem in Fluent resulted in divergent solutions and the
solutions had residual values greater than one, which are unacceptable for a solution.
Problem identification, for this was done by changing each parameter one at a time to see
the affect on the result and identify if that particular parameter was the cause for the
incorrect solution. It was found that incorrect scale of the grid chosen was the cause of
such a divergent solution, which was rectified, and the grid was then set and solved in
inches.
Incorrect values for G and Cd
The next problem identified was the erroneous values for the coefficient of lift and
coefficient of drag. Another run for changing in parameters as well as reading the
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literature of the software revealed that reference values play an important role in
calculation of the 3d values.
List of properties modified in the Reference values. The reference values panel is
calculated from the pressure far field. Some of the values calculated by Fluent need to be
corrected unlike the case in 2d airfoils where these values calculated by Fluent were
correct. The properties changed are a)
Density- the density modified to that of air which
is 1.225. b) Reference Area- the reference is the chord times span of the wing. Both of
these are used in the calculation of the coefficients of lift and drag by Fluent.
Unstable pressure in remote vicinity
An initial attempt to model the three dimensional model was done with the boundary
condition of Velocity Inlet-Pressure Outlet (VIPO) .The VIPO boundary condition was
such that the frontal face of the cube (surrounding boundary to the plate) was assigned
with a velocity inlet and the opposite face of the cube was assigned to a pressure outlet
boundary condition at atmospheric temperature. The top and bottom faces were assigned
as wall boundary conditions. After observing the solution, the values of pressure in the
remote vicinity of the airfoil
were not observed to be constant. This application of
boundary condition was thus eliminated and
all the faces of the cube were assigned the
pressure far field boundary condition.
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Negative Values ofEntropy
A check was also performed to see the plots of the entropy of the system through the
domain of the model. It was observed that at couple of points the airfoil showed negative
entropy. A number of parameters were changed one at a time to observe its change in
entropy. Upon correcting the specification of pressure in the reference value from 101325







This problem as in all CFD analysis has been of recurring nature. It was observed a
number of times with the models tested in this work the residuals of the continuity
equation would either oscillate about a value or stay constant after certain number of
iterations. To rectify this problem the under relaxation factor were reduced and in some
models the modifying the solver codes for pressure, velocity or momentum helped in
rectifying this problem.
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Pressure far field: Specified
Mach Number: 0.002108





Under Relaxation Factors: Optimum Values
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Density: First order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: First order upwind
Monitors: CI, Cd, Residuals
Residual Convergence
Criterion: 0.001




are shown in Appendix D. Figure A.H in Appendix A shows the formation of the end
tip vortices on the rectangular plate.
4.2.3 Results from Flat Plate Study
The Figure 4.7 shows the graph of the coefficient of lift versus the angle of attack for
both the experimental values from Torres study as well as that obtained from CFD for the
Inverse Zimmerman profile. The graph shows that the values of CL predicted by CFD are
a higher than experimental for higher angles of attack.
The stall angle predicted by CFD
is close to experimental and is 38 degrees and that of
experimental is 35 degrees. The
percentage difference between experimental and CFD varies around 20% for the mid
-
range of angle of attack to 66% near the stall
angle range. The possible high values of lift
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could be due to the formation and effects of the tip vortices. These tip vortices create a
low-pressure region on the upper surface and thus result in the formation of greater lift. In
case of the experimental models the major portion of this lift may be cancelled due to the
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Figure 4.7 Plot ofCl V/s a for Inverse Zimmerman
The Figure 4.8 shows the graph of the comparison of the coefficients of drag for both
CFD and experimental work. It is seen that the maximum drag predicted by CFD and
experimental coincide at 40 degrees. The percentage difference between the two results
was observed to vary from 2 to 13% for angles
of attack between 0 to 35 however at the
two extremes i.e -10 and 40 the drag coefficient varies by 83% and 38% respectively.
The formation of the laminar separation bubble results in an increase in drag on the upper
surface of the plate as concluded by Torres. Since a separation bubble is not simulated in
78
case of the analysis, the CFD result consequently predicts a lower drag as compared to
the experimental.
The results of CFD1 and CFD2 are shown in Appendix B in Figures B.9 to B.ll. These
figures show that the results obtained due to the k-E viscous model as well as Laminar
viscous model show a large variation when compared to experimental. Thus from the
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Figure 4.9 Plot ofL/D V/s a for Inverse Zimmerman.
4.2.4 Conclusions from Flat Plate Study
The following conclusions can be made from the flat plate study
1. Comparing the results of CFD1, CFD2 and CFD3 the S-A model is most
suited for this analysis, however another check for this is made using the
CFD6 which also uses the K-E model.
2. The CFD results compared with experimental show larger variations at -10
degrees and at higher angles of attack near stall.
80
4.3 WING STUDY





They were converted into 3d wings and were tested with a chord of 7.5 inches and a span
of 18.25 inches in the RIT wind tunnel as well as by using Fluent. The results compared
here are only for S5010, the results of the other three wings tested are listed in Appendix
A.
4.3.1 Wings in Gambit
The procedure used for meshing the wings in Gambit was similar to that used for Flat
plate. The airfoil co-ordinates of the S5010 airfoil was converted into a .txt file and
exported into gambit. These co-ordinates were used to create the face of the airfoil. The
airfoil was converted into a wing by sweeping the face in the Z direction by a magnitude
of 18.25 inches. The wing was surrounded
in a double meshing scheme of inner and outer
cube. The inner cube (side equaling two times the chord) was meshed with a spacing of
0. 1 and the outer cube (side equaling five times the chord) was meshed with a spacing of
1. This resulted in a total of 755352 cells (Meshl). The model was then exported into
fluent. This mesh size was used for CFD4 analysis. The inner cube was meshed with 0.08
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spacing resulting in a mesh size of 958, 632 cells (Mesh 2). This mesh size was used for
CFD5 analysis. This mesh size resulted in long iteration time and often hanging of the
computer between computations. The hexagonal map mesh, as well as cooper mesh as
discussed in the previous chapter, were also tried but failed due to the particular creation
of the mesh model of the wing, i.e. the wing was subtracted from the cube to create a
hollow cube with a wing cutout. This wing had its own faces in the cube but no volume.
This prevented the use of hexagonal meshes. Two mesh files were created namely meshl
and mesh2 as mentioned in the matrix for the CFD model 4 and 5. This also acted as a
check for the grid independence of the solution.
4.3.2 Wings in Fluent
The exported mesh file from Gambit was read into Fluent. In the case of wings a number
of analysis were carried out to observe the effects of the change in different parameters
and to compare the results obtained with the experimental results. The Fluent set up for
the wings are CFD models CFD4, CFD5, CFD6, CFD7 and CFD8 as mentioned in Table
4.3. Table 4.4 shows the fluent set up for CFD4 whereas the other models namely CFD5,
CFD6, CFD7, CFD8 are shown in a Appendix D.
























Angle of attack: -4 to 12 degrees
Discretization Schemes
Under Relaxation Factors: Optimum Values
Density: Second order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: Power law
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Monitors: CI, Cd, Residuals
Residual Convergence
Criterion: 0.001
4.3.3 Analytical Calculations for Ct_ of theWing
Using ideal flow theory and assuming the wing to be elliptic, an analytical calculation
was carried out to obtain the values of coefficients of lift. This was done using Equation
2.13 for the angles of attack tested.
For the S5010 the AR =2.416 using a span of
18"
and chord of 7.5". The value of an for
the airfoil is 0.09053 /C. Using equation 2.13 the value of a was calculated as 0.089249.
The value of aj__o for S5010 airfoil is -0.7047. Using this value of a and ai__0 the values
of the lift coefficients at different angles of attack are obtained using Equation 2.14 and
are plotted in Figure 4.10. The values of an, a and aL=0 for the wings S4083, SD7003 and
S7005 are shown in C.l of Appendix C.
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Figure 4.10 Plot of CL V/s Alpha for S5010
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Figure 4.12 Plot of L/D for the S5010 airfoil.
The results of the wing analysis of the S5010 wing are shown in the above Figures 4.10,
4.11 and 4.12. The maximum deviation in Figure 4.9 for C_. between CFD4 and CFD5 is
3% indicating a grid independent solution. However the deviation between CFD4 and
CFD6 varies from -10.5% at -4 degrees to 18.5% at 12 degrees. CFD4 and CFD6 differ
from experimental values from a minimum of 2% to 32%. Figure 4.10 shows very clearly
the grid independent solution between CFD4 and CFD5, however these results do not co-
relate well with the experimental values of drag obtained. The drag predicted by CFD is
higher than that produced experimentally obtained values. The reason for this is due to
the high aspect ratio of the wings as compared to the flat plate study. The lift at higher
angles of attack increased thus leading to a higher induced drag component resulting in
higher values of drag for the wings. Another reason attributed for the lower drag
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prediction by the wind tunnel tests of the wings are the large range ofmeasurement of the
sting balance used for the wing tests. This was the major drawback observed in the wind
tunnel tests and thus a need for a new balance was recognized, the construction,
calibration and testing of this balance is described in chapter 5. The results of the other
three wings- S4083, SD7003, S7005 are shown in the Appendix B Figure B.B to
FiguresB.18 in the form of lift vs. angle of attack and drag vs. angle of attack plots. The
results of CFD7 and CFD8 are plotted in Figure B.19 as a plot of L/D vs. angle of attack.
CFD7 uses a constant viscosity value and CFD8 uses viscosity calculated from
Sutherland law, which is a function of temperature. Since at such low Reynolds numbers
there is not much variation in temperature, there is no noticeable change in viscosity. This
resulted in identical solution in case of CFD7 and CFD8.
4.3.5 Conclusions fromWing Study
The following conclusions were made from the wing study.
1. The CFD4 and CFD5 results show that the result obtained are grid independent.
CFD4, CFD5 and CFD6 led to the conclusion to the use of S-A viscous model
for all future analysis of the models.
2. CFD7 and CFD8 resulted in almost co-incident results of lift and drag
coefficients, thus the method of calculating viscosity did not make much of a
difference. Viscosity was thus taken to be a constant value for the further analysis
ofmodels.
3. The check for the laminar separation bubble was done and the results did not
show any distinct
formation of laminar separation bubble. Consequently, no
87
hysteresis was noted in the results of the wings. Another reason for this
observation can be attributed to the fact that simulation had to be performed
using the S-A viscous model , which is a turbulent viscous model since the
laminar model did not co-relate well with the experimental.
4. The lift coefficients predicted by CFD come close to that of theoretical
calculations however there is a vast difference between the drag prediction of the
two, party due to the higher lift and thus the higher induced drag component and
part error could be attributed to the inaccuracies in the measurement noted by the
use of the sting balance in the wind tunnel.
5. It was thus, concluded by the design team that the experimental values are not
true due to the large range of measurement of the sting balance as that compared
to the forces resulting from the flow at such low Reynolds numbers. A need for
constructing a new balance was recognized, the construction, calibration and
testing using this new balance is discussed in the next chapter.
4.4 University of Svdnev-Bidule Model
4.4.1 Bidule in Gambit
The Bidule was a project carried out at the University of Sydney under the guidance of
Dr K.C.Wong whose work has been of a major reference for the current study. Dr K.C
Wong was contacted by the author who agreed to send his model for CFD analysis and
comparison with his published data (Wong, 2001). The analysis of the Bidule also
required the largest time consuming analysis in Gambit. The model was sent as an
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autocad file. The file was then converted into IGES format, STEP format as well as SAT
format. All of these were imported individually into gambit. The import of IGES format
failed upon many trials. SAT format was successful with import but created a number of
edges and faces which was a tedious procedure to clean. The STEP format was imported
into gambit with minimum dual edges and faces. This geometry was then cleaned of all
the dual edges as well as all the faces leaving the model with single edges. Upon trying to
convert these edges into faces it was found that Gambit did not accept their orientation to
create real geometry. There were two options to further continue the analysis.
1 . To create a virtual geometry of the entire model.
2. To create a virtual geometry and heal each and every edge to real before
moving to the next one.
The first option, although easier, was not feasible as a virtual edge results in the
formation of virtual faces as well as volumes and literature of Gambit mentions that a
virtual geometry is not applicable to Boolean operations. Since further, creation of the
mesh needs Boolean operation the first option was omitted. Each edge of the model was
thus deleted leaving the lower geometry intact (i.e. the vertices in place). A new real
edge was then created for that particular pair of vertices. All such edges forming a face
were used as a wire frame to create the real face of the model. All such faces of the model
were united to form a volume and faces of the stabilizers were united to create another
volume. The next step was to unite these two volumes to form the entire bidule model.
Gambit however froze when this was attempted signaling that
'
A fatal error has occurred
and it is not possible for Gambit to continue from this point '. The model was then
reexamined and vertices of the model at each of the faces were connected to observe any
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errors. It was found that the faces of the stabilizers were not co-planar with the surface of
the model and that was the cause of the error. Instead of uniting the faces of the
stabilizers with that of the model, the stabilizers were subtracted with the model leaving a
slot in the model. Stabilizers were then recreated from the vertices of the slots to have
perfect co-incidence between the vertices of the model and the vertices of the stabilizers.
This model was then meshed using the double enclosure mesh.
4.4.2 Bidule in Fluent
The Bidule setup for CFD10 is as shown in Table 4.5. The other model CFD9 is shown in
Appendix D. The basic difference between that of CFD9 and CFD10 is between the use
of different discretization scheme used for the models. CFD 9 used Piso discretization for
the Modified turbulent viscosity and Second order upwind discretization for Momentum.
CFD10 uses first upwind for the Modified turbulent viscosity and Power law for






FLUENT S.1 (3d. segregated, she)
Figure 4.12 Bidule with stabilizers.
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Pressure far field: Specified
Mach Number: 0.0036283






Under Relaxation Factors: Optimum Values
Density: Second order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: Power law
Monitors: Cl, CD Residuals
Residual Convergence
Criterion: 0.001
4.4.3 Results from the BiduleModel
The experimental results compared are with those of the Bidule from University of
Sydney. It was observed from the analysis of CFD9 and CFD 10 that the latter showed
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Figure 4.13 Plot of CL v/s a for Bidule
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These results show that the coefficients predicted by CFD for lift varies from 10% to a
maximum of 23% at higher angles of attack. The lift coefficients obtained from the
simulation were a little higher than those obtained by experimental. The experimental
results of the Bidule do not mention the formation of a laminar separation bubble. A
laminar separation bubble at times results in an effective increase in camber and thus
results in an increase in the lift coefficient. However no such observation was mentioned
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Figure 4.14 Plot of CDV/s a for Bidule
The results obtained are plotted in the Figures 4.13 and Figure 4.14. The drag coefficient
varies from 8% at lower angles of attack to 122% at higher angles of attack. For larger
aspect ratios and also for the airfoils analysis it has been observed that the drag predicted
is higher. It appears to be a trend in all the CFD simulations except for the relatively low
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aspect ratio flat plate. The Bidule, as commented by the author was prone to number of
errors and could also hold a possibility of being erroneous.
4.4.4 Conclusions from the Bidule Model
The following conclusions were made from the Bidule study.
1 . The coefficient of lift predicted by CFD is more comparable to experimental
than the coefficient of drag.
2. Of the two simulations CFD 10 results in a closer prediction and hence these
simulation parameters are used for the study of the micro air vehicle airframe.
3. A noticeable conclusion that can be inferred is that CFD has a good prediction
at the lower angles of attack however as the angle of attack nears stall and
beyond, CFD prediction of the coefficients differs by a great amount.
4.5 MAV Airframe
The model created for the this study was the resultant combination of the two best design
considerations that were met during the literature survey. These two were
1. The S50 10 profile
2. The Inverse Zimmerman planform
The S5010 profile was stated to have the least coefficient of moment and the best lift over
drag ratio suited for a flying wing
design.
The Inverse Zimmerman was stated to have the best characteristics for lift from all the
four planforms studied (Torres, 2002). It was thus decided to create a model with the
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inverse Zimmerman planform having the S5010 cross-sectional wing. The actual
construction of this model is discussed in the next chapter, which was used for the wind
tunnel tests.
4.5.1 MAV Airframe in Gamhit
The model was created using bottom up geometry creation for the model. The initial
profile of the inverse Zimmerman profile as shown in Figure 1.2 was constructed in
Autocad with chord length of 5.4 inches. This was then bisected into 10 parts length wise
to measure the varying chord length. Using these chord lengths in Gambit, 10 different
profiles of the S5010 were created, each with different chord length. The last three
airfoils on either side were raised to give the model a polyhedral of 4 degrees. The edges
of all the 10 airfoils were then united to form the upper face of the model and the lower
edges of the airfoil were united to form the lower face of the model. These upper and
lower faces were united to form the volume of the MAV model.
The meshing for the MAV body was done differently as compared to the wings. The
inner tighter meshing was done with the help of a scaled model of the MAV body itself.
The MAV body was scaled to 2.5 tines the chord and was meshed
with a spacing of 0.1
and the outer mesh was created with the help of a cube of 7.5 times the chord and meshed
with a spacing of 1 with
T-grid meshes. The entire model resulted in 733,326 mesh
elements for the model. The mesh had a quality of equal angle skew ness of 0.8.
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4.5.2 MAV Airframe in Fluent
The model was run for different Reynolds numbers corresponding to the different speeds
at which the model was tested in the wind tunnel. The MAV body was tested at Mach
numbers of 0.0169, 0.0202, 0.0243, and 0.0282 corresponding to speeds of 50,000,
60,000, 75,000 and 85,000. The Fluent set- up for the model is as shown in Table 4.6.
The model shape is shown in Figure 4.15.
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Figure 4.16 Shape of theMAV airframe.
4.5.3 Results ofMAV Analysis
The Figures 4.17 to 4.19 show the plots of the coefficients of lift, drag and L/D ratio with
respect to the angle of attack. It is observed from both lift and drag plots that the
deviation of the CFD results from experimental ( as discussed in the next chapter) within
the angle of attack range of 0 to 15 degrees is within 10% however this increases to a
maximum deviation of 60% for lift and 40% for drag for the mid-range angle of attack.
The detailed explanation of the procedure for obtaining the readings as well as























Figure 4.19 Plot ofL/DV/s a for MAV model.
4.5.4 Conclusions fromMAV Study
The following conclusions can be made from the MAV study.
1. The CFD prediction of lift and drag are reliable over the mid-range angle of
attack
2. The experimental values of lift and drag at high angles of attack and Reynolds
numbers could be a erroneous due to vibrations and oscillations experienced
on the balance as discussed in the next chapter.
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5.0 EXPERIMENTAL WORK
5.1 Wind Tunnel Specification
The Wind Tunnel at Rochester Institute of Technology is a low speed, closed circuit
system powered by a 60 hp motor. The modular test section provides a dimension of 4'x
2'x 2'. By adjusting the fan blade pitch setting, a maximum allowable speed of 180 ft/sec
(123 mph) and minimum sustained speed of approximately 20 ft/sec (13.6 mph) in the
test section is achievable. There is also a three-dimensional computerized traversing
system offering a motorized position of probes within the test section. Data acquisition
systems include a six component spring balance which can measure a maximum of 50 lbf
lift load, 75 in-lbf of pitching moment, and 25 in-lbf of rolling moment. This balance was
however, initially used to test only the wings as mentioned in the following section. The
wind tunnel facility is also able to accommodate a variety of pitot static tubes, pressure
transducers, hot film anemometers, and a bubble generator for flow visualization


















with variable speed drive
and 16 variable AoA blades
and downstream straightening vanes
Note: 1) All dimensions in inches
2) All dimensions approximate
Chiller unit
Fully viewable test section
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The senior design team carried out this construction of the wing. The S5010 wing was
constructed using a rib and spar technique
with balsa wood. The wing constructed using a
chord length of 7.5
"
and a span of 18 ". The initial idea was to have the models built out
of aluminum or hard plastic. This would require CNC machining equipment and a
feasibility assessment of cost and time ruled out this method of building the wings. Each
wing had a main spar in the center, approximately
0.75"
thick to allow for the mounting
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of the sting balance, and to provide strength to the rest of the wing. To ensure that each
airfoil used in the wings was exactly the same, a template was made using
0.75"
plywood. The airfoil shaped spars was joined with ribs to make the skeletal wing
structure. Balsa wood leading and trailing edges were then added to complete the overall
contour of the airfoil shape. Fiberglass was applied to provide strength. The wing
skeletons were then covered using a shrink-wrap mono coat covering. A relief was then
cut into the back of the center section to allow for the installation of the sting balance
arm. (Boughton, 2003)
5.2.2 Wing Testing
The angle of attack for the wing was varied between a
= -4 to +12 degrees. The data
acquisition system initially zeroed for each wing. The angle of attack was varied in
increments of 1 degree using a hand-cranked screw attached to the balance. At each angle
-of attack, the lift and drag were recorded by the data acquisition system. The wing was
tested at Reynolds number of 100,000, which is taken as the representative Reynolds
number forMicro Air Vehicles for this study. The tunnel free stream velocity is adjusted
when the model is at a =0 to minimize effects the Pitot-static tube might experience
induced by the wing.
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5.2.3 Wing Testing Results
The results of the wind tunnel tests are as shown in the Figure 4.10, 4.1 1 and 4.12 for the
S5010 and is compared to the CFD results on the same plot. The other plots for the wings
S4083, SD7005, S7005 are compared to the CFD in Figures B.13 to B.19 in Appendix B.
5.3 MAV Airframe
5.3.1 Airframe Construction
The curved nature of the body across both the span and the chord lengths prohibited the
use of the same construction technique that had been used for the wing model
construction. Since the body was not straight across the span, straight wooden spars were
not an option to achieve the desired body contour. A molded carbon fiber body was thus
opted as a solution to carry out wind tunnel tests.
Figure 5.2 Aluminum block and upper frame.
Blocks of aluminum were machined using the electronic drawing files of the MAV using
computer assisted machining techniques.
Two skins, namely the upper and lower surfaces
of the MAV body were made by vacuum bagging layers of carbon fiber and epoxy. This
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allowed for extremely accurate translation of the computer drawing into the a working
model for the wind tunnel. Carbon fiber provided the desired structural characteristics,
low weight and smooth surface finish. Two layers of bidirectional carbon fiber was used
an offset 45 degrees from each other to aid the rigidity of the airframe skin. Figure 5.2
shows the aluminum block and the upper layer of the skin of theMAV airframe.
5.3.2 Sting balance
Construction
For lift and drag measurements the balance was recreated off an existing design being
tested by another graduate student (Abe, 2003). The balance consists of two moment
arms that are joined at 90 degrees to form the general shape of an "L". These moment
arms transfer both an aerodynamic force experienced by the attached model and also that
of a counter weight. To measure lift and drag the balance is positioned into two separate
configurations as to isolate the force. The balance design can be seen in Figure 5.4 in the
drag configuration. In this setup, the drag force is converted to a moment through the aid
of the sting arm. A counter moment
generated by the movable mass cancels out this
moment to bring the balance to an equilibrium state. The balance is leveled with the aid
of a laser for consistency. A ruler position along with the movable mass allows for the
recording of a reference
distance. Through this reference distance and the movable mass
a drag force is ultimately determined. The
constructed balance can be seen in figure 8.
Angle of attack is determined through the use of an electronic angle senor attached to the
upper side of the sting arm.










Figure 5.3 Force balance mounted on the wind tunnel.
5.3.3 Uncertainties
Uncertainties were calculated using the Mc Clintock method. The equation for Lift





























































Table 5.1 Uncertainty ofmeasurement values
Quantity Error Percentage
Sliding mass 0.05 gms 0.05%




The values thus calculated for error in lift and drag coefficient are summarized in table
5.2
Table 5.2 Uncertainty in Lift and Drag
Coefficients Error Percentage




The model was tested at four different speeds equivalent to Reynolds numbers equal to
50,000, 60,000, 75,000 and 85,000. During each test the models angle of attack was
varied from -10 to a large positive angle of 20 to 25 degrees. The model was varied
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every 1-degree with the aid of a angle sensor and digital readout. At each angle of attack
the appropriate amount of weight and distance from the pivot point was recorded. Using
a laser that was attached to the balance, the balance was leveled. The chord Reynolds
numbers presented are all nominal values. The free stream velocity was always initially
set when the model was at an angle of attack of 0 degrees to determine the nominal
Reynolds number. To verify the validity of the tests performed a series of test on both lift







Figure 5.4 Model in Drag configuration
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Figure 5.7 L/D vs. a at Re of 75, 000.
The results obtained for the MAV at Reynolds number of 75, 000 are shown in Figures
5.6, 5.7 and 5.8. The other Reynolds numbers of 50,000 and 60,000 are shown in Figure
B.20 through B.25 in Appendix B. The lift coefficient as seen from Figure 5.6 deviates
from 60% at -10 degrees to around 4 % at the mid angle of attack range. Similarly from
Figure 5.7 the drag coefficient varies from 3% at 5 degrees to about 20% at higher angles
of attack. This variation in drag could partly be accounted to the errors associated with
the balance at higher speeds and higher angles of attack. The balance showed problems
with increase in vibrations, decrease in resolution due to increase in balancing weights
and also had increased settling time for the laser beam. All of the above could also be
factors responsible for the deviation between the experimental and CFD results.
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Flow Visualization
For flow visualization a technique of attaching minitufts to the upper surface of the model
was implemented. The purpose of the experiment was to gain knowledge of the
streamline paths that occurred over the model as well to discover any apparent regions of
separation that occurred at high angles of attack. The tuft material used was small
diameter white nylon thread. When attaching the minitufts to the model a
0.5"
x 0.5 grid
spacing was used. The minitufts were attached using thin CA glue and a hypodermic
syringe. Care was taken to limit the amount of glue used so as to limit the size of the
glue spot and not impede the airflow. Upon drying the length of the tufts were cut to
approximately 4". Longer minitufts were also attached to the trailing edge of the model.
These tufts were left slightly longer in length, approximately 0.6". The tufts were
neutralized by the use of antistatic materiel. When testing the minitufts were illuminated
using a ultraviolet light for maximum effectiveness. All photographs were taken using a
high quality CCD camera. The camera was repositioned as angle of attack varied as to
always keep the camera normal to the surface of the model.
Flow visualization was performed at a Reynolds number of 125,000. Experiments were
attempted at lower speeds but were found to be unsuccessful do to the relatively low
velocities experienced. Figure 21 shows the model at an angle of attack of 0 degrees and
20 degrees. The lower section of the figure is the difference of the two images. It is
apparent that there is some change in the relative direction of the minitufts. At very high
angles of attack a high order of flutter was apparent in the minitufts attached to the








Figure 5.4 Flow Visualization.
5.3.6 Conclusions from MAV Study
The following conclusions can be made from theMAV study.
1. The stall angle of attack is much higher that what theMAV is tested at since
the lift curve slope is a straight line. Higher angles of attack were not tested
due limitations of the balance.
2. CFD predicted values vary much at lower and higher angles of attack but
conform with the experimental values at the mid range of angle of attack
3. The L/D ratio for theMAV is highest between 5 to 10 degrees of angle of
attack and the MAV should be flown at those angles of attack for best results.
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6.0 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
The aerodynamic coefficients of lift and drag from CFD are compared in this study to
that of the experimental for airfoils, flat plates, wings and finally the MAV airframe. Of
primary interest to this study were the results of the CFD simulation and its comparison
with the experimental results. Experimental results of airfoils, flat plates are compared
with previously published experimental data. The results of the MAV obtained from the
CFD are compared with a exact model fabricated and tested with at the R.I.T wind
tunnel. The CFD results obtained 3 different mesh combinations indicate the solution to
be grid independent. The analysis of the S5010 wing for two different mesh sizes also
yield similar results indicating a grid independent solution for the CFD analysis.
The formation of the laminar separation bubble is dependent on many factors such as
pressure, surface roughness, transition Reynolds numbers and turbulent which are not
included in the CFD code and hence there is no prediction of laminar separation bubble
by Fluent. It is observed that the lift coefficients predicted for the 2d airfoil closely
co-
relate with those of the published data as well as the analytically calculated values
obtained from the potential flow analysis. The lift coefficients for the 3-d simulations
compare well for the wing and flat plate study
with higher values in lift in case of the
relatively low aspect ratio
flat plate. The formation of the wing tip vortices has more
effect over a larger part of the upper surface in case of the plate resulting in lowering the
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pressure at the top surface and thus higher lift. An interesting observation noted in case of
the MAV airframe is with respect to the stall angle. The MAV is noted to have very high
stall angles. As is known the S5010 airfoil has a stall angle of around 12 degrees and that
of the flat plate inverse Zimmerman is around 35 degrees. The MAV airframe tested does
not reach stall even upto angles of 25 degrees tested. This was as the maximum angle
tested due to the limitation of the balance. This indicates that after a certain angle of
attack around 10 degrees the MAV airframe is more dominated by the flat plate and
behaves as the flat plate than as an airfoil.
The drag coefficient predicted by simulation for the flat plate is lower than the
experimental. The higher drag in case of the experimental is due to the formation of the
separation bubble, as mentioned by Torres which is not observed in case of the
simulation. As the A.R increases the trend is observed to be reversed and for the wings as
well as the Bidule the drag predicted by the CFD is higher.
The lift over drag ratio was observed to maximum between 5 to 10 degrees for the Micro
Air Vehicle Airframe. It is thus recommened that a MAV made of such an airframe be
operated between those angles of attack. The results obtained by both experiemental and
CFD for lift anf drag coefficinets correspond very well in this range of angles of attack
and forms is a strong basis for this
conclusion.
As mentioned in the objective of the study, the key investigation was to observe the
applicability of Fluent (CFD) as a
tool in MAV design. Fluent can be used for a testing of
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aMAV airframe to give the lift and drag coefficients in the ball part of the region for the
mid range angle of attack but cannot completely eliminate the wind tunnel testing. Most
importantly the testing of the MAV airframe with trials still is recommended, as this
would be the sole method in determining the relation of C.G of the micro air vehicle and
its effect on the stability of the flight of the MAV. Once the MAV body is selected and
results of lift and drag are obtained from CFD the C.G should be moved and retested for
flight till stability of the vehicle is obtained.
6.2 Recommendations
The recommendations for future work are the following
1. An alternative CFD code could be tested for analysis to testify these results as
well as those obtained at higher angle of attack
2. CFD work for upcoming work of dihedral effects on Micro Air Vehicles can
also simulaneously carried out in CFD.
3. A coefficient of moment balance needs to be built and results obtained
evaluated similarly for Micro Air Vehicle Airframes.
4. The illusive center of pressure study for low Reynolds number and its
movement with angles of attack could be studied.
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Appendix A






A.1-A.3 119 Profile of the S4083, SD7003, S7005
A.4-A.8 120 Trial meshes for the airfoils
A.9-A.10 125 Velocity vectors and dynamic pressure for S5010
airfoil at a=-4.89
A.11-A.12 125 Velocity vectors and dynamic pressure for S5010
airfoil at oc=10.45
A.13 126 Pressure coefficients on the top and bottom edges of
the S5010 airfoil
A.14 127 End vortices on the rectangular plate
A.15-A.16 127 Meshing Strategy and mesh for theMAV airframe
A.17 128 Dynamic pressure for the MAV airframe
Table A.l Summary of figures in Appendix A
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Figure A.l Profile of S4083.
Figure A.2 Profile SD7003
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Figure A.3 Profile of S7055.
Figure A.4 Trials mesh of square boundary for pressure far field
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Figure A.5 Trial mesh of elliptic boundary for pressure far field .
Figure A.6 Trial Mesh with Structured mesh
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Figure A.7 Trial mesh of conic boundary for pressure far field.
Figure A.8 Unstructured Mesh

















Table A.3 Angles of attack for the airfoils.




-4.89 -4.76 -4.68 -4.43
-1.83 -1.54 -3.12 -0.92
1.24 1.33 2.01 2.35
4.3 6.18 5.07 6.68

















VebchyVectorsCobred By Ve bo ilyMagn hude (mfe) May 27.
2003
FLUENT 6.0 (2d. coupled imp. S-A)














Contours of Dynamic Pressure (pas:al) Junl2. 2003
FLUENT 6.0 (2d, coupled imp. S-A)
Figure A.10 Dynamic pressure at ot=-4.89.
VetaHy Veclor-sCobred By VebchyMagn
hude (mfe) May 15. 2003
FLUENT 6.0 (2d. coupled imp. S-A)













Contours of Dynamic Pressure (pascal) Jun 12, 2003
FLUENT 6.0 (2d, coupled imp, S-A)


































/ f ;/ / / it j
Path Lings Colored by Particle Id Apr 1 7, 2003
FLUENT 6.0 (3d, segregated, lam)
Figure A.14 End vortices of the rectangular plate.
Figure A.15 Meshing Strategy for theMAV airframe.
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Grid Nov 23, 2003
FLUENT 6.0 (3d, segregatGd, S-A)
































Contours of Dynamic Prgssure (pascal) Dec 21 , 2003
FLUENT 6.1 (3d, segregated, S-A)
Figure A.17 Plot of dynamic pressure around theMAV body
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Appendix B
The Appendix consists of all the plots and graphs for the 2 dimensional as well as 3
dimensional analysis carried out and referenced in the text.






B.1-B.3 130 CL vs a, CD vs a and L/D vs a for S4083
B.4-B.6 131 CL vs a, CD vs a and L/D vs oc for S7005
B.7-B.9 133 CL vs a, CD vs a and L/D vs a for SD7003
B.10-B.12 134 Cl vs a, Cd vs a and L/D vs a for Rectangular plate
B.13-B.14 136 CL vs a and CD vs a for SD7003 wing
B.15-B.16 137 CL vs a and CD vs a for S4083 wing
B.17-B.18 138 CL vs a and CD vs a for S7005 wing
B.19 139 L/D for CFD 7 and CFD 8
B.20-B.22 139 CL vs a, CD vs a and L/D vs a forMAV at 50, 000
B.23-B.25 141 CL vs a, CD vs a and L/D vs a forMAV at 60,000
129








































































-6 -4 -2 0 2 4 6 10 12
CI (degrees)


























-5-4-2 0 2 4 6 8 10 1
a (degrees)
2












































































































0 -10 0 10 20 30 40 5
a (degrees)
0











0 2 - 1*~"
0 -
-20 -10 10 20
Q(degrees)
30 40 50














-20 -10 0 10 20 30 40 50
Q(degrees)






















Figure B.13 CL vs. a SD7003 wing
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Figure B.25 L/D vs. a for MAV at 60, 000
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Appendix C
This appendix consists of all the analytical calculations for the airfoils and wings.
C.l Analytical Calculating





The camber line equation obtained for the airfoil S5010 as shown in figure C.l is
given by the equation
Chord














Differentiating the above equation with respect to , where c is the unity chord , the












Making the substitution x = (1
-




= f (0.073275Cos26> + 0.12295Cos<9 - 0.025925) * (CosG - \)d0
,L
0
Integrating the above equation we get the following
al=0
= =
Thus a graph ofQ versus the angle of attack can be plotted using the equation 2.10 as















Differentiating the above equation with respect to , where c is the unity chord , the
c

















j (0.037875Co526 + 0.05105Cos9- 0.013025) *(Cos0-l)d6




Thus a graph of CI versus the angle of attack can be plotted using the equation 2.10 as











+ 0.2079x + 0 0015












Differentiating the above equation with respect to , where c is the unity chord , the
















= f (0.0831Cos2# +O.2l22Cos0 - 0.2938) * (CosO - \)d6
H
0
Integrating the above equation we get the following
al=0
= =
Thus a graph of CI versus the angle of attack can be plotted using the equation 2.10 as
shown in figure C.3
147
C.1.4 Analytical Calculations for CL ofWings
The table C.l below shows the values obtained for cc^o , an for the airfoil and values of a
obtained from equation 2.13
Table C.l Analytical calculations for wings.
OCl=o a A
S4083 -2.9003 UC 0.10757 0.105711
SD7003 -1.1236C 0.1088 0.106894
S7005 -2.7540 UC 0.09855 0.097012
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Appendix D
This appendix consists of the Fluent set-ups for the different analysis as mentioned in
Chapter 4.

















Pressure far field: Specified
Mach Number: 0.002108






Under Relaxation Factors: Optimum Values
Density: First order upwind
Modified Turbulent
Viscosity: First order upwind






















Pressure far field: Specified
Mach Number: 0.002108





Under Relaxation Factors: Optimum Values
Density: First order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: First order upwind





















Pressure far field: Specified
Mach Number: 0.001976





Under Relaxation Factors: Optimum Values
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Density: First order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: First order upwind
Monitors: CL, CD Residuals
Residual Convergence
Criterion: 0.001


















Pressure far field: Specified
Mach Number: 0.002108





Under Relaxation Factors: Optimum Values
Density: First order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: First order upwind
Monitors: Cl, Cd , Residuals
Residual Convergence
Criterion: 0.001



















Pressure far field: Specified
Mach Number: 0.002108





Under Relaxation Factors: Optimum Values
Density: First order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: First order upwind
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Monitors: Cl, Cd, Residuals
Residual Convergence
Criterion: 0.001


















Pressure far field: Specified
Mach Number: 0.002108
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Under Relaxation Factors: Optimum Values
Density: First order upwind
Modified Turbulent
Viscosity: First order upwind
Momentum: First order upwind
Monitors: Cl, Cd, Residuals
Residual Convergence
Criterion: 0.001



















Pressure far field: Specified
Mach Number: 0.002108





Under Relaxation Factors: Optimum Values
Density: First order upwind
Modified Turbulent
Viscosity: Piso
Momentum: Second order upwind





This appendix consists of the different restraints and requirements in using both Gambit
and Fluent software.
E.l Rules forMeshing
Based on the number and types of edges different mesh algorithms and configurations
available are as follows.
Table E.l Elements for face mesh.
Elements Description Used with Algorithm
Quad Only quadrilateral elements Map, Sub map, Pave, Tri Primitive
Tri Only Triangular elements Pave
Quad/ Tri Mostly Quad with triangular
elements at specific locations
Map, Pave, Wedge- primitive.
Classification ofVertices
Each vertex/node is classified based on the included angle between the edges as
mentioned below.
End (E) 0 < angle between edges < 120
Side (S) 120<angle between edges<216
Corner (C) 216< angle between edges<309
Reverse (R) 309 < angle between edges<360
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Table E.2Meshing algorithms for face mesh.
Mesh algorithm Type ofmesh Face Vertex type
Map Regular structured meshes 4*E +n*S
Divides an unmappable face into 4*E + I*S +m*E+ m *C
Submap mappable regions. Creates structured
meshes in the new regions
+n*[2*E+R]
Pave Unstructured mesh None
Divides a three sided face into three-
Tri Primitive quadrilateral regions and creates a
mapped mesh in each region
3*E +n*S
For a wedge shape region, creates
Wedge Primitive triangular mesh at the tip and radial
quadrilateral meshes outward
Table E.3 Elements for Volume mesh.
Elements Description Used with algorithm
Hex Only Hexahedral Elements
Map, Submap, Tet
primitive, Cooper, Stairstep
Hex/wedge Mostly hex with wedge elements at
specific locations Cooper
Tet/Hybrid Mostly tetrahedral elements with
hexahedral, pyramidal, wedge
elements at specific locations.
T-Grid
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Table E.4Meshing Algorithms for Volume mesh.
Mesh algorithm Type ofmesh Constraints
Map Hexahedral Elements Requires 8 nodes or six
faces
Submap Structured mesh Each faces must be either
mappable or submappable.
Cooper Unstructured mesh Must have a sources face
and side faces either
mappable or submappable.
T-grid Unstructured mesh None
Stairstep Structured mesh Meshes a faceted volume
with no physical connection
to the original volume.
Tet-primitive cooper Unstructured mesh A four sided volume
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E.2 Exporting Files
An important step, but optional to some extent is applying the Boundary Conditions in
gambit before exporting the mesh. It is always a better practice that each edge and face
associated with particular boundary conditions should be labeled separately since this
makes it easy to identify it when read into fluent. The other option is to assign or change
boundary conditions in Fluent. If Boundary conditions are not labeled in Gambit, Fluent
assigns a default boundary condition of
'Wall'
to every exterior edge and a default
continuum to the interior.
Gambit Files
Gambit makes the following files for each new Gambit file created. Each has its own
separate use.
Journal files: A binary database containing geometry, mesh, display, defaults, and journal
information associated with the model. This is a very useful file. It can rerun all the
commands that were executed before in the session. Usually information is appended to
the file. The file is saved as Project_name.jou.
Database files: A binary database containing geometry, mesh, display, defaults, and
journal information associated with the model All information is saved in this file. It
cannot be retrieved if a crash occurs. The file is saved as Project_name.dbs.
Transcript file: A log of messages displayed in the GAMBIT Transcript window during
the session. It is an output from Gambit after each operation is executed. The file is saved
as Project_name.trn.
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Lok file: This file avoids starting another session in the same directory. If the
code
crashes this file needs to be physically removed. The file is saved as
Project_name.lok.
Upon exit this file is automatically deleted.
Mesh file: This is the most important file created by Gambit. It is the file which is read
into Fluent to solve for the flow grid. If the mesh is not created correctly then Gambit
indicates errors while exporting mesh or Fluent would show an error while reading the















































Figure E.2 Block diagram of Coupled Solver
E.4Modelling capabilities of Fluent
Flows in 2D or 3D geometries using unstructured solution-adaptive triangular/tetrahedral,
quadrilateral/hexahedral, or mixed (hybrid) grids that include prisms (wedges) or
pyramids (both conformal and hanging-node meshes are acceptable.) can be modelled
with ease in Fluent.
Fluent is used for all of the following flows:
4. Incompressible or compressible flows
5. Steady-state or transient analysis
6. Inviscid, laminar, and turbulent flow
7. Newtonian or non-Newtonian flow
8. Convective heat transfer, including natural or forced convection
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9. Coupled conduction/convective heat transfer
10. Radiation heat transfer
11. Inertial (stationary) or non-inertial (rotating) reference frame models
12. Multiple moving reference frames, including sliding mesh interfaces and
13. mixing planes for rotor/stator interaction modeling
14. Chemical species mixing and reaction, including combustion submodels and
surface deposition reaction models
15. Arbitrary volumetric sources of heat, mass, momentum, turbulence, and chemical
species
16. Lagrangian trajectory calculations for a dispersed phase of
particles/droplets/bubbles, including coupling with the continuous phase
change models
17. Flow through porous media .Lumped-parameter models for fans, pumps,
radiators, and heat exchangers multiphase flows, including cavitation
18. Free-surface flows with complex surface shapes
E.5 Applications of Fluent
These capabilities allow Fluent to be used for a wide variety of applications, including
the following:
1 . Process and process equipment applications.
2. Power generation and oil/gas and environmental applications.
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3. Aerospace and turbomachinery applications.
4. Automobile applications.
5. Heat exchanger applications.
6. Electronics/HVAC/appliances.
7. Materials processing applications.
8. Architectural design and fire research.
In summary, FLUENT is ideally suited for incompressible and compressible fluidflow
simulations in complex geometries. Fluent Inc. also offers other solvers that address
different flow regimes and incorporate alternative physical models.
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